The activity of the ATP:GTP 3'-pyrophosphotransferase ( together than with either RNA alone. Incubation of GPSI with low levels of trypsin also leads to activation of the enzyme. Analysis of the products of mild trypsin digestion revealed the presence of two intermediates whose M,s are identical to those of species produced by incubation of purified GPSI with crude extracts of S.
The stringent response to carbon or energy source starvation in Escherichia coli is mediated via the synthesis of the highly phosphorylated guanine nucleotide guanosine tetraphosphate (ppGpp) (reviewed in reference 3). In the case of amino acid starvation, the reL4-dependent pathway for ppGpp synthesis is activated, and the initial biosynthetic product is guanosine pentaphosphate (pppGpp), which is converted to ppGpp by the action of a phosphohydrolase (6) . The accompanying paper describes the purification and properties of two forms of ATP:GTP 3'-pyrophosphotransferase (guanosine pentaphosphate synthetase [GPS] ) capable of synthesizing pppGpp in Streptomyces antibioticus (14) . The larger of the two GPS forms, GPSI, has an Mr of ca. 88 ,000 and appears to be the biologically relevant species in vivo (14) . The smaller form, referred to as GPSII, has a lower specific activity, is recovered in variable yields, and is apparently produced by proteolysis of the larger form (14) . GPSI is comparable in size to the RelA protein from E. coli and, like RelA (3, 16) , is activated by methanol. Unlike RelA, GPSI is not activated by ribosomes (14) .
The present report explores the activation of GPS activity by tRNA and poly(U). Because GPSII appears to be derived from GPSI by proteolytic degradation (14) , the studies described below concentrate on the activation of GPSI. In the course of these experiments, it was also observed that GPSI can be activated by mild proteolysis with trypsin. Interestingly, the intermediates produced by mild trypsin digestion of GPSI have the same electrophoretic mobilities as those produced by incubation of GPSI with crude mycelial extracts from S. antibioticus. These observations are discussed in terms of the regulation of pppGpp synthesis in S. antibioticus.
MATERIALS AND METHODS
Preparation of GPSI. GPSI was purified from 72-h S. antibioticus mycelium as described in the accompanying paper (14) . The enzyme was stored as an ammonium sulfate suspension at a concentration of ca. 0.2 mg/ml.
Preparation of tRNA and crude aminoacyl-tRNA synthetases and conditions for aminoacylation of tRNA. Total tRNA was prepared as described previously (11) 72-h S. antibioticus mycelium grown on galactose-glutamic acid (actinomycin production) medium (4). Aminoacyl-tRNA synthetases were prepared by passage of 5 ml of a 150,000 x g supernatant, obtained from a crude extract of 6-h mycelium (11), through a 4-ml column of DEAE-cellulose equilibrated with 50 mM Tris-HCl (pH 7.5)-10 mM MgCl2-1 mM dithioerythritol-0.1 mM Na2EDTA-5% glycerol. Synthetases were eluted with the same buffer containing 0.3 M NaCl; the relevant protein fraction was monitored visually, collected batchwise, and concentrated by dialysis against ammonium sulfate without stirring (18) . The protein pellet was collected by centrifugation (10 min at 12,000 x g) and redissolved in the buffer described above to a protein concentration of 50 mg/ml.
Total tRNA from 18-h mycelium was charged with a mixture of all 20 common amino acids essentially as described previously (11) . Typical reaction mixtures (200 ,ul) contained 70 ,ug of tRNA, 1.75 mg of crude synthetase protein, 2.5 pXCi of [35S]methionine (to ensure that charging occurred), and the other components indicated in reference 11 and were incubated for 20 min at 37°C. The "uncharged" tRNA used in the experiments of Fig. 2B was incubated under the reaction conditions just described except that ATP and nonradioactive amino acids were omitted. No aminoacylation occurred under these conditions. tRNAs were extracted from reaction mixtures as described previously (11) and dissolved to final concentrations of 7 mg/ml.
Preparation of unfractionated mycelial extracts for in vitro activation experiments and conditions for in vitro incubations. One gram of mycelium from a 6-h S. antibioticus culture was suspended in 5 ml of 50 mM Tris-HCl (pH 7.5)-10 mM MgCl2-1 mM dithioerythritol-5% glycerol and disrupted by three passes though a French press at 12,000 lb/in2. The extract was treated with 2.5 ,ug of DNase I and used as described below without centrifugation.
For in vitro activation of GPS by mycelial extracts, typical reaction mixtures (175 ,ul) contained 6-h unfractionated mycelial extract (2.2 mg of protein) and/or GPSI (as indicated) (34 ,ug). Reaction mixtures were incubated for 0 to 4 h at 37°C. Quadruplicate 10-,u portions were removed from reaction mixtures at 0, 1, 2.5, and 4 15 ,u of sample buffer for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Results of replicate assays of GPSI activity differed by no more than 5%, and results of assays performed at different times but with the same batches of GPSI and [a-32PJGTP differed by no more than 10%.
Miscellaneous methods. Electrophoresis and fluorography were performed as described previously (1, 14, 15) . Protein was determined as described by Bradford (2) .
RESULTS
Activation of GPSI activity by methanol, tRNA, and synthetic mRNA. Like the RelA protein from E. coli (3, 16) , GPSI from S. antibioticus is activated by methanol. The dependence of GPSI activity on methanol concentration is shown in Fig.  1A . Similar to the case with RelA (16), stimulation of GPSI activity was maximal at methanol concentrations between 10 and 20% (vol/vol). Higher concentrations inhibited GPSI activity.
One pathway for the synthesis of pppGpp and ppGpp in E. coli in vivo involves the activity of the RelA protein in association with idling ribosomes, mRNA, and codon-specific uncharged tRNA (3, 7, 8, 16, 17) . As reported in the accompanying paper, the synthesis of pppGpp by GPSI from S. antibioticus is not stimulated by ribosomes but is stimulated by uncharged tRNA and poly(U) (14) . Additional details of the stimulation of GPSI by RNA are provided in Fig. 1B and 2 . As can be seen, uncharged tRNA from S. antibioticus mycelium of various ages was effective in stimulating GPSI activity. tRNAs from 6-and 18-h mycelium grown on galactose-glutamic acid medium (in which actinomycin is produced) were effective at comparable concentrations in the stimulation of GPSI activity. Higher concentrations of tRNA from 72-h mycelium were required to produce a given level of stimulation of GPSI, perhaps because a significant amount of macromolecular breakdown occurs in older mycelium (10, 12) . Although the tRNA preparations have not been analyzed electrophoretically, it is possible that preparations from 72-h mycelium contain some degraded species. Maximum levels of stimulation by tRNA were lower than those obtained with methanol under otherwise comparable assay conditions.
The data of Fig. 2A show that poly(U) is capable of stimulating GPSI activity in a concentration-dependent fashion and that the stimulation is enhanced by the presence of uncharged tRNA. In the experiments shown, poly(U) alone produced a ca. 10-fold stimulation of GPSI activity, and that stimulation was increased by a factor of two in the presence of optimal concentrations of tRNA from 18-h mycelium. Similar levels of stimulation were observed with poly(A) and poly-(AGCU) (data not shown).
The activation of the RelA protein in the ribosome-dependent reaction in E. coli requires the presence of uncharged tRNA and is inhibited by aminoacylated tRNA (7, 17) . Figure  2B shows that, unlike the situation with RelA, charged tRNA Fig. 3 . Even in the absence of tRNA and poly(U), the presence of low levels of trypsin in the GPS reaction mixtures stimulated the activity of GPSI (Fig. 3A) . The time course of trypsin activation of GPSI is shown in Fig. 3B . As can be seen, pppGpp production continued for at least 90 min in the presence of trypsin and the other components required for pppGpp formation.
Comparison of levels of stimulation of GPSI by tRNA, poly(U), and trypsin. Because the experiments depicted in Fig. 1 to 3 were performed at different times and with enzyme that had been stored for different lengths of time, it seemed desirable to compare the effects on GPSI activity of methanol, uncharged tRNA, poly(U), and trypsin in a single experiment.
The results of such a comparison are shown in Table 1 . As can be seen, the highest level of stimulation was observed in the presence of 20% methanol. The effects of uncharged tRNA and poly(U) were additive, and together these RNAs stimulated GPSI to a level which was about 70% of that observed with methanol. The level of stimulation observed with trypsin (0.1 [Lg) in these experiments was similar to that obtained with poly(U) and tRNA. Table 1 also shows the results of an important control experiment. When GPS reaction mixtures were supplemented with poly(dA dT), no stimulation of GPSI was observed. Higher concentrations of this polynucleotide also were without effect. Thus, the stimulation of GPSI by tRNA and poly(U) is not simply a general effect of polynucleotides on the enzyme. In other experiments it was demonstrated that RNA extracted from S. antibioticus ribosomes did not stimulate GPSI (data not shown).
Electrophoretic analysis of the products of trypsin digestion of GPSI.
[35S]GPSI (14) was treated with trypsin in 25-plI reaction mixtures as described above to determine whether intermediates of discrete sizes were produced by this treatment. Reaction products were separated by SDS-PAGE with the results shown in Fig. 4B . Figure 4A reprises the experiments of Fig. 5 of reference 14. Indeed, all samples shown in Fig. 4 were run on the same gel. As can be seen, species with the same electrophoretic mobilities and apparent Mrs (82,000 [band A] and 69,000 [band B]) are produced by trypsin digestion of GPSI or by incubation of that protein with S. antibioticus mycelial extracts (Fig. 4) . Thus, the proteolytic reactions that occur in mycelial extracts of S. antibioticus are mimicked by digestion of GPSI with trypsin. It is also noteworthy that trypsin digestion produces a species from GPSI with the electrophoretic mobility of GPSII. Authentic GPSII is shown in lane 6 of Fig. 4A .
Activation of GPSI by S. antibioticus mycelial extracts. In view of the observation that S. antibioticus mycelial extracts -appear to convert GPSI to the same series of intermediates as trypsin (14) (Fig. 4) , it seemed possible that proteolysis of GPSI in mycelial extracts might also lead to activation of the enzyme. To test this possibility, incubation mixtures were constructed that contained GPSI alone in buffer lacking protease inhibitors, GPSI plus unfractionated extract from 6-h S. antibioticus mycelium, or 6-h mycelial extract alone. Mixtures were incubated at 370C for 0 to 4 h. At the times indicated in Fig. 5 , samples were removed from the incubation mixtures and assayed for GPS activity in the presence or absence of methanol. The results of these assays are expressed in Fig. 5 as the activity measured at a given time divided by the activity measured at time zero. Figure 5 shows that the methanoldependent activity of the GPSI incubated alone or with mycelial extracts does not change appreciably over the course of the incubation at 37°C. Similarly, the activity of the GPSI incubated alone measured in the absence of methanol remains relatively constant over the course of the incubation. In contrast, both the endogenous GPS activity of the mycelial extracts and the activity of an incubation mixture spiked with purified GPSI increased over the course of the incubation as measured in the GPS assay in the absence of methanol. The simplest interpretation of these results is that the observed proteolysis of GPSI by mycelial extracts (14) (Fig. 4A) converts the enzyme into a form (or forms) with higher GPS activity than the native form. The level of GPS activation observed in Fig. 5 was much lower than that produced by incubation of GPSI with trypsin, presumably reflecting a lower concentration or activity of the protease(s) in question in the mycelial extracts as compared with the levels of trypsin used in other experi- Duplicate samples were assayed for GPS activity either with or without methanol (MeOH). Values were obtained by dividing the GPS activity at 0 to 4 h, with or without methanol, by the corresponding value at time zero. Thus, the relative activity in the 6-h extract at 4 h in the absence of methanol is 4,779 cpm (the GPS activity in 10 ,ul of the incubation mixture after 4 h at 37C) divided by 983 cpm (the GPS activity in 10 ,ul of the same incubation mixture at zero time). It is noteworthy that there is little effect of incubation of GPSI, the mycelial extract, or the mixture of the two on the methanol-activated synthesis of pppGpp.
to prevent activation by incubation of mycelial extracts with a trypsin inhibitor. Reaction mixtures were constructed as described in Materials and Methods with or without hen oviduct trypsin/chymotrypsin inhibitor and were incubated for 2.5 h at 37°C. Portions of these mixtures were assayed for GPS. Control GPS assays were performed with purified GPSI and trypsin in the presence and absence of inhibitor. The results of these experiments are shown in Table 2 . Under assay conditions giving 90% inhibition of the activation of GPSI by trypsin, the inhibitor decreased the activation of GPS in mycelial extracts by 37%. Thus, the enzyme(s) responsible for activation of GPS in mycelial extracts may be similar to trypsin in specificity.
DISCUSSION
It is appropriate at this point to compare the properties of GPSI from S. antibioticus with those of the enzymes involved in the synthesis of ppGpp in E. coli, RelA and SpoT (3, 9, 19) .
GPSI (Mr, 88,000) is similar in size to RelA (Mr, 84,000) and SpoT (Mr, 79,000). Like that of the RelA protein, the activity of GPSI is stimulated by methanol, presumably reflecting a shift to a more active conformation in the presence of that organic solvent. However, the RelA protein is some 30-fold more active in the ribosome-dependent assay for pppGpp synthesis than in the methanol-dependent assay (16) . As shown in Table 1 , GPSI activity was higher in the methanol-dependent assay than in the other assay systems used in the present study. No pppGpp degradative activity, similar to that attributed to SpoT, has been observed for GPSI under the assay conditions employed to date.
GPSI was also found not to be activated by ribosomes (14) , unlike the product of the reLA locus. However, GPSI activity was stimulated significantly by tRNA (charged or uncharged), by synthetic mRNA, and by combinations of the two. Charged tRNA inhibits the ribosome-dependent activity of the RelA protein (7, 17) . GPSI is also stimulated by mild proteolysis with trypsin. Fig. 4 ) produced by mild trypsin digestion are apparently identical to species produced by incubation of purified GPSI with crude extracts of S. antibioticus mycelium (Fig. 4A of this paper and Fig. 5 of reference 14) . As shown in Fig. 5 of this paper, incubation of GPSI with mycelial extracts (or incubation of the extracts alone) leads to activation of GPS. These observations strongly suggest that one pathway for the activation of GPSI in vivo involves the proteolytic conversion of the less active native form of the enzyme to a more active species. It is not clear at this time which of the species shown in Fig. 4 is the active form of the enzyme. It is possible that trypsin cleaves a peptide from GPSI which is too small to affect the apparent Mr of the product under the electrophoretic conditions employed here. Thus, even the 88,000-Mr species in Fig. 4 of the present report and Fig. 5 of reference 14 may be a product of proteolytic cleavage of GPSI. It is equally possible that species A, species B, both A and B, or all three of the major species shown in Fig. 4 It is significant that in addition to the 82,000-and 69,000-Mr intermediates, trypsin digestion of GPSI produced a species with an apparent Mr of 47,000 (Fig. 4) , the size of the GPS form referred to in the accompanying paper as GPSII (14) . This observation combined with others provided in that report strongly suggest that GPSII is produced by proteolysis of GPSI in S. antibioticus and that it is not the product of a separate GPS gene.
An important remaining question is the relationship between the two modes of GPS activation that are presumably possible in vivo, i.e., activation by tRNA and mRNA and activation by proteolysis. It is possible that the two modes of activation represent options whose selection depends on the growth conditions experienced by the organism. Since extensive degradation of protein and RNA takes place in older mycelium (10, 12, 13) , it is possible that the activation of GPS by proteolysis is the predominant mechanism in older cultures. Alternatively, one of the two possible activation mechanisms may not operate in vivo and may simply be fortuitously observed in in vitro assays. With regard to the activation of GPSI by RNA, it is important to note that tRNA and synthetic mRNA functioned in an additive fashion and that other polynucleotides [poly(dA. dT) and rRNA] do not stimulate GPSI. It is also relevant that incubation of GPSI with trypsin or with crude mycelial extracts produces apparently identical intermediates and that incubation of mycelial extracts leads to GPS activation. Preliminary Western blotting (immunoblotting) experiments (not shown) confirm the presence in crude mycelial extracts of immunoreactive proteins with the electrophoretic mobilities of GPSI, the 82,000-and 69,000-Mr proteins, and GPSII. Thus, until further data are obtained, it seems reasonable to conclude that GPS activation in S. antibioticus in vivo may involve either tRNA/mRNA or proteolysis of GPSI or both. Cloning of the GPSI gene should facilitate the design of experiments to further explore these issues.
